This research proposes the Korean surface water supply index (KSWSI) which overcomes some limitations of the modified SWSI (MSWSI) applied in Korea and conducts probabilistic drought prediction using KSWSI. In this research, all hydrometeorological variables were investigated and four to six appropriate variables were selected for each sub-basin and probability distributions applicable for each variable were estimated. As a result of verifying KSWSI results, the accuracy of KSWSI showed better drought phenomenon in drought events than MSWSI. Moreover, the uncertainty quantification of KSWSI calculation procedure was also carried out using the maximum entropy (ME) theory. Estimating appropriate probability distributions for each drought component in the flood season is crucial because ME values and standard deviations of KSWSI are huge, implying that large uncertainty occurs in the flood season. It is confirmed that the accuracy of KSWSI may be affected by the hydrometerological variables selection, station data obtained, used data length, and probability distributions. Furthermore, monthly probabilistic drought predictions were calculated based on the ensemble technique using KSWSI. In 2006 and 2014 drought events, the accuracy of drought predictions using KSWSI was higher than those using MSWSI, demonstrating that KSWSI is able to enhance the accuracy of drought prediction.
INTRODUCTION
From 2014 to 2015, a great deal of economic damage occurred because of the shortage of agricultural water due to drought throughout the Korean Peninsula, especially in the northern part of Gyeonggi-do. Droughts have dramatic impacts on the socio-economic state and their occurrence is becoming more frequent. Drought management is difficult not only because of the seasonal characteristics (which means that more than 60% of the annual average rainfall occurs in the summer season), but also because of the dry flood season in the Korean Peninsula. The water shortage stresses the small agricultural and municipal water reservoirs, making it difficult to manage water resources plans and policies (Choi ) . In order to effectively mitigate these drought damages, continual improvement of drought indices should be prioritized to monitor the drought conditions accurately. However, drought indices cannot practically simulate the actual droughts because the droughts occur due to various meteorological and hydrological conditions and circumstances. The various drought indices used in Korea have some problems as follows: deter-the stages of the drought indices. These considerations make it difficult to accurately monitor and predict actual droughts.
In hydrological drought assessments, the effects of hydrological variables on drought such as streamflow, soil water, and groundwater are physically delayed compared to meteorological variables such as precipitation and evapotranspiration, so that these characteristics can be reflected in the hydrological drought index. Recently, various hydrological drought indices have been developed and improved which was selected as a well-known hydrological drought index, was applied to the Korean Peninsula and a modified SWSI (called MSWSI) was developed by improving the SWSI for the Korean Peninsula. In MSWSI, the snowpack component is replaced by groundwater because the portion of underground water is more important to snowpack in the water resources management in Korea. However, the procedure of MSWSI calculation has several limitations: use of restricted variables (only four hydrometeorological variables) and use of only one probability distribution to estimate non-exceedance probability to each variable (Kwon et al. ; Kwon & Kim ) .
Moreover, drought predictions should also be performed in preparing for drought and creating proactive drought policies and preparedness plans. White et al. proposes and verifies the improved MSWSI (called the Korean surface water supply index, KSWSI), which overcomes these shortcomings. Second, this research analyzes some reasons which cause uncertainties in the process of KSWSI calculation and quantifies their uncertainties using the maximum entropy (ME) theory. Lastly, the monthly droughts are predicted using the KSWSI. The probabilistic monthly drought prediction is conducted based on the ensemble technique to capture the inherent uncertainty of monthly drought prediction.
THEORETICAL BACKGROUNDS AND RESEARCH METHODOLOGIES Research basin
This section describes the Geum River basin as the appli- Analyzing the river flow in the Geum River basin is relatively simple because it has fewer dams and a simpler river system than other basins. The region of the Geum River basin has been affected by considerable drought since the year 2000 and has been widely used in previous drought studies in Korea.
Improvement of hydrological drought index: KSWSI
As previously mentioned, the SWSI has been applied to several drought studies in the Korean Peninsula, and MSWSI by substituting a groundwater component for snowpack was developed:
where w 1 , w 2 , w 3 , and w 4 are the weights for each drought component and w 1 þ w 2 þ w 3 þ w 4 ¼1, and where t represents the monthly time-step. P t i is the non-exceedance probability (in percentage) for component i where the superscripts of gw, prec, strm, and resv represent the groundwater, precipitation, streamflow, and reservoir storage in time t, respectively. The procedure of MSWSI calculation is as follows:
Step 1: Analysis of available hydrometeorological variables by basins
Step 2: Selection of available hydrometeorological variables as drought components and collection of observed data
Step 3: Calculation of weights for each drought component
Step 4: Estimation of probability distributions for each drought component
Step 5: Calculation of MSWSI values using Equation (1).
However, this process of MSWSI calculation has two major shortcomings. First, only four hydrometeorological variables are used in the MSWSI calculation in Steps 1 and 2 and the MSWSI is not able to reflect more various variables. Different hydrometeorological variables actually impact drought events depending on data length, the urban area, and upstream and downstream areas of dams; therefore, the available variables should be widely investigated. Second, in
Step 4, probability distributions of all hydrometeorological variables were fitted to the only normal distribution in the previous drought research using the MSWSI. Estimating the appropriate probability distribution for each variable yields accurate non-exceedance probability values, which can be used to estimate the near actual drought index. Second improvement: estimation of suitable probability distribution for each drought component Drought studies using MSWSI fitted all drought components to the only normal distribution. These MSWSI results could not accurately simulate the actual droughts. 
Pcp, precipitation; WL, water level, W, weather; NS, national stream; WWS, wide water supply; LWS, local water supply; GW, groundwater. In this study, the probability distributions (generalized extreme value (GEV), Gumbel, normal, two-parameter lognormal, log-normal, and three-parameter log-normal distribution) applicable to each drought component and parameter estimation method (e.g., maximum likelihood method, probability weighted moment method, and method of moment) are applied and then the log-likelihood test is also used for the goodness of fit test. Table 4 shows the final selected probability distributions for drought component for each sub-basin.
Uncertainty analysis of the KSWSI calculation procedure
In this section, this research analyzed the causes of uncertainties in the KSWSI calculation procedure and quantified the corresponding uncertainties.
Occurrence of inherent uncertainty
In Steps 1, 2, and 4 in the KSWSI calculation procedure described in the section 'Improvement of hydrological As mentioned above, in this research, the precipitation data, water level data, discharge data, streamflow data, dam data (included in inflow, release, and storage data), and groundwater data were selected as hydrometeorological components that can be practically applied as KSWSI drought components. Table 5 to obtain meteorological data in all drought components was increased.
Step 4: Estimation of probability distributions for each drought component: (a) estimation of probability distributions for each drought component; (b) selection of proper probability distributions for each drought component.
In the section 'Improvement of hydrological drought index: KSWSI', the precipitation component was fitted to the Gumbel and GEV distributions, the normal and Gumbel distributions for streamflow, two-parameter lognormal and Gumbel distributions for dam data (inflow, release, and storage), and the three-parameter log-normal distribution for groundwater. Since the drought components which are applied for each sub-basin differ and several probability distributions can be applied in even the same sub-basin, KSWSI results can differ depending on the probability distributions selected. In this study, we determined how the results could be changed through calculating KSWSIs by applying all the probability distributions (including the normal distribution) that are shown to be appropriate.
Uncertainty quantification: maximum entropy principle
Shannon () first introduced the use of entropy as a method to estimate uncertainty quantitatively if the information context is obtained from probability distributions of a given set of information. If probabilities of occurrences of a certain set of information are large, the amount of information is small, and if their probabilities are small, the amount of information becomes large. If X is defined as a random variable with probability p, and I(X ) is the information context of X, entropy H(X ) is given as follows:
ME based on Shannon's () entropy theory was proposed by Jaynes (). When a certain set of information is given, based on the information, ME theory provides the probability density function which maximizes the entropy.
If a given set of information is the minimum value a and maximum value b, the distribution maximizing the entropy is a uniform distribution on [a, b] , and the corresponding entropy H(X ) (i.e., ME) is given as (Gay & Estrada ): In this research, the accuracy of the probabilistic drought prediction was measured using the Average Hit Score (AHS) and Half Brier Score (HBS) (Wilks ).
The AHS scored the probabilities of occurrences of drought prediction for the drought category by the actual drought, and the ensemble drought prediction can be considered to be effective if their AHS is higher than the AHS of the naive prediction. The concept of HBS is similar to the mean square error and is a way to give a high score when ensemble drought prediction matches the actual drought, but gives a penalty for wrong categories. The drought prediction becomes increasingly more accurate as the HBS becomes smaller than the naive forecast. The equations of AHS and HBS are as follows:
where f o is the probability of drought prediction for the category of actual drought, N is the number of drought predictions, J is the number of drought categories, f i,j is the probability of the ith prediction in the jth category, and o i,j is the actual drought in the jth category. In AHS, a perfect forecast has an AHS of 1 and if the AHS is larger than the naive prediction (¼1/J ), this drought prediction is effective.
Moreover, if the HBS of drought prediction is lower than the HBS of climatology, then it can be concluded that the performance of the probabilistic drought prediction is superior to the naive prediction. Table 6 shows the regional regression equations over all of Korea 
Comparison of MSWSIs and KSWSIs in sub-basin 3001
The verification of drought indices is practically restricted.
In this research, the accuracy of KSWSI was indirectly determined using the tendency of observed hydrometeorological variables. Figure 6 shows the results of the MSWSI and to the water storage, resulting in severe drought. Therefore, it is more reasonable to conclude that hydrological drought occurred in sub-basin 3014.
As shown in the previous examples, compared to the MSWSIs, the KSWSIs calculated more accurate drought results in the Geum River basin. Therefore, it is confirmed that the KSWSI is more appropriate in hydrological drought monitoring and forecasting.
Results of uncertainty analysis and quantification
This section consists of two parts. In the first part the influence of the researcher's subjective judgement in KSWSI calculation on the results is analyzed and in the second part their corresponding uncertainties are quantified and analyzed.
Analysis of the influence of researcher's subjective judgment
Expanding hydrometeorological components as drought components: In order to investigate the influence of the selection of hydrometeorological variables, KSWSI results for 2001 and 2006 drought events were calculated using the drought components selected in Table 3 . Similar to drought research using MSWSI (K-water ), the probability distributions of all drought components were assumed to be normal distributions. In Table 7 , the results of both MSWSI and KSWSI showed drought as a whole in all of the sub-basins. In particular, the identical MSWSI results were calculated from the same drought components MSWSI results showed severe drought in July when the amount of precipitation, streamflow, and dam release were larger than normal-year, but KSWSI results indicated that the drought was resolved. In 2006, the streamflow and dam release were smaller than normalyear and their variation was not significant. Reflecting the water resources, KSWSI showed that droughts were resolved due to the occurrence of precipitation, but water shortages had generally occurred.
As shown in the previous results, the KSWSI may affect whether or not the actual droughts are accurately simulated by KSWSI calculation, depending on the hydrometerological variables as the drought components, which station data are obtained, and the length of used data for each station, respectively.
The probability distribution selection for each drought component: Table 8 shows applicable probability distributions to each drought component. In the application process, the maximum number of scenarios for probability distributions applicable to each sub-basin is 36 (¼3 probability distributions for precipitation × 2 for river flow × 3 for dam data × 2 for groundwater), and the ranges of KSWSI results are indicated using the maximum and minimum values among these combinations in Figure 9 . The scenario ranges of KSWSI generally varied according to the selection of probability distributions, and their results of droughts significantly differed depending on the probability distributions selected for each drought component. Therefore, it was confirmed that the selection of the probability distributions could affect the accuracy of results of the KSWSI calculation.
Quantification and analysis of uncertainties in the KSWSI calculation procedure
In this section, KSWSI results calculated by selected drought components and their corresponding probability distributions in this section are inputted into the formula (Equation (3)) of ME to estimate and analyze uncertainty of KSWSI results shown in Table 9 and Figure 10 . Of the ME values for each sub-basin in Table 9 , the ME value (¼1.002) in sub-basin 3001 is the largest and the minimum ME is 0.521 in sub- drought events, at sub-basins 3002 and 3001, uncertainty has a large scale, ME values of 1.120 and 1.503, respectively, with the smallest ME values of 0.578 and 0.363, respectively, at sub-basin 3012. In particular, even though the ME values of each sub-basin slightly differ, ME values showed a similar tendency in the same sub-basin despite different drought events.
This tendency is more evident in the comparison of the number of ME values for each drought event, drought component, and number of selected drought components for each sub-basin (refer to Figure 10(a) ). In other words, the ME values of the sub-basins with many drought components are large, and sub-basins with few drought components have relatively small ME values. The different drought components for each sub-basin include the data of dam inflow, dam In the monthly MEs for each drought event in Table 9, the ME values ( The drought prediction was compared to the corre- respectively. Moreover, the drought indices of actual droughts which were calculated using observations and occurrence ranges of MSWSI and KSWSI predictions were compared. Figure 12 and the actual droughts also occur in the same drought category, so that the accuracy of the KSWSI predictions is In order to monitor accurate droughts and manage water resources to mitigate droughts, in future research, analysis will be needed not only of the spatially segmented sub-basin divisions, but also the municipal district units in the administrative districts. This is because it is crucial to distinguish between the waterworks and the dam beneficiation regions and, for these regions, the dams should be assessed individually by using the dam water supply capacity index. Further research should also be conducted on the practical use of meteorological outlooks to improve the accuracy of drought prediction.
